The morphology of ambient particulate matter (PM) is an important characteristic that seldom is measured and reported. A study was performed to determine the viability of a method to establish the distribution of shapes and the fractal dimensions of aggregates of ambient aerosols. Particles of PM with aerodynamic diameter less than or equal to 2.5 p.m (PM 2 ,.) were captured on different days via size-independent electrostatic precipitation at two sites in St.
INTRODUCTION
Ambient aerosols are of great interest because of their potential role in causing various deleterious health effects. '-5 There are several characteristics of the ambient particulate matter (PM) that may be responsible for specific health effects. While current ambient PM regulations are based on the mass concentration of particles smaller than an aerodynamic diameter of 2.5 and 10 pm, there may be additional parameters such as particle size, shape, and chemical composition that may be important. A more complete physical representation of the aerosol is by its size distribution, which is important in establishing particle transport, deposition in the respiratory system, and light-scattering properties. While current regulations do not require the determination of size distributions, detailed size distributions down to -3 nm have been measured in many ambient studies, and interesting features have been observed on temporal variations. 6 An important characteristic of the aerosol that is not established routinely is the morphology of the particles. Many physical characteristics of aerosols are determined by a combination of their size and morphology, yet this second property often is ignored. The morphology of the particles affects the drag force, which, in turn, affects its transport properties. Transport properties would enable the determination of the regions of the lung where the aerosols deposit. Morphology also is important in establishing the light-scattering properties of an aerosol. Many real-time size distribution instruments, such as differential mobility analyzers, measure the mobility equivalent size. There have, however, been few studies relating the mobility equivalent diameter to particle structure. 7 8 An exception is the study by McMurry and Woo, 6 wherein an aerosol mass analyzer was used to
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IMPLICATIONS
The ambient aerosol consists of particles of many different shapes. However, instruments typically measure an equivalent spherical diameter, which may not be sufficient to explain transport and dynamic characteristics. Inaccuracies in these characteristics could result in inaccurate estimations of properties such as respiratory deposition. The determination of the morphology of ambient aerosols is critical if surface area, which has been suggested as one of the prime indicators of potential health effects, has to be established accurately. This paper shows that ambient aerosols are not all spherical, and a methodology has been proposed for its determination. Furthermore, spatial and temporal variations in the morphological characteristics are established that may help elucidate potential sources of the ambient aerosol.
Volume 54 September 2004
determine accurately the mass of a mobility-classified particle. This then was used to determine the density of spherical particles. An effective density could be determined for ambient agglomerates. Using this, they reported an effective dynamic shape factor for agglomerated aerosols. Morphology also can play an important role in source apportionment or source matching, where it can be used to tell the difference between chemically similar particles that are created by different processes.
'
1 0 Yet very little is known about the morphology of ambient aerosols, despite the important role it plays in determining the physical characteristics of that aerosol. The concept of the fractal dimension often has been used to describe agglomerated aerosols,' 1-3 but few have used it to describe ambient aerosols. Xiong and Friedlander' 4 looked at ultrafine (aerodynamic diameter smaller than 0.1 V.m) ambient aerosols collected on an eight-stage low-pressure impactor and examined them with transmission electron microscopy (TEM). They reported that the two-dimensional fractal dimension increased from 1 to 2 as the number of primary particles increased from 10 to 180. Phoenix aerosols (0.1-2.6 ,um) examined by the same methodology 9 had fractal dimensions ranging from 1.35 to 1.89 but were found to be independent of aerosol size. Dye et al.1 5 measured the perimeter and density fractal dimensions of fine urban aerosols (<0.1 .m) close to and far away from a road, collected on porous carbon films in a cyclone. They found that the average density fractal dimensions were the same in both locations (Df = 1.56 and 1.57, respectively). Ebert et al. 10 also used impactor sampling to determine the shapes of ambient aerosols by high-resolution scanning electron microscopy (SEM). They classified the particles into 10 categories on the basis of elemental composition and qualitative morphology. All of the studies used collection methods (impactors and cyclones) that, because of high impaction velocities, may have changed the morphology of the aerosol during collection. This paper describes a method to determine the fractal dimension of aggregated ambient aerosols, using a collection method that is less likely to deform and affect the aerosol morphology, by depositing particles in an electric field. A process of calculating the value of the fractal dimension from electron micrographs is developed. While the primary objective was to describe the experimental and analytical methods used, a comparison between the distributions of particle shape and the associated fractal dimensions of the agglomerates collected in two different locations is illustrated. particles. One approach that has been proposed is the use of a fractal dimension.1" 12 1 4-18 The fractal dimension relates a physical characteristic (such as volume, V) of the object to a characteristic size (length dimension, R) of the sample:
where k is a proportionality constant. For a particle that is cubical in shape, Df = 3, k = 1, and R is the length of a side of the cube, while, for a sphere, Df = 3, k = 4rr/3, and R is the radius. While Df is typically an integer for Euclidean shapes, the relationship in eq 1 also holds for non-Euclidian shapes such as agglomerated ambient aerosols, only Df is not restricted to integer. values. As shown by the previous equation, for any given characteristic size, R, a larger Df corresponds to a larger volume. As such, the larger Df is, the higher the "density" of the measured characteristic. In the case of aerosols, a higher Df corresponds to a more compact (dense) structure. More detailed explanations of the fractal dimension are given elsewhere. 9 ",11 5 1 7 20 In this paper, the fractal dimension that will be used to describe aggregates is
where Np is the number of primary particles in the aggregate, k is a dimensionless prefactor, Rg is the radius of gyration, a is the primary particle radius, and Df is the fractal dimension. For a given radius of gyration, the higher the fractal dimension, the higher is the number of primary particles in an agglomerate, thus resulting in a higher number density (because Rg is fixed). Assuming that the primary particles in the aggregate are spherical, the maximum surface area (Amax) can be calculated using eq 2 to yield
If the agglomerates are partially sintered, as encountered in some combustion source exhausts, 2 a grid on the two-dimensional image of the aggregate. It counts the number of squares through which the perimeter passes. The size of the squares in the grid then is changed, and the number of boxes through which the perimeter passes is counted again. This process is repeated several times, generating a list of box sizes and the number of boxes that contain part of the particle perimeter. The slope of the curve plotting the logarithm of the box size versus the logarithm of the number of boxes is the PFD. Two programs were used to calculate the density fractal dimension. A Matlab program 2 5 developed in the Aerosol and Air Quality Research Laboratory was used first. The user first is required to click on the center of every particle on a picture of the agglomerate and then on the edges of a primary particle (to determine the primary particle diameter). Starting from the center of mass, circles of increasing size are drawn on the aggregates. The number of primary particles contained inside each circle is calculated, generating a list of radii and number of primary particles. A log-log plot of eq 2 is generated, the slope of which is the density fractal dimension. The major issue with the program is that it assumes that every primary particle is perfectly spherical and exactly the same size. The second issue is that the program did not account for the problem of length scales. It is important to note that the aggregates are fractal only on a certain length scale. 23 If that length scale is too small, then all of the circles are completely filled. On the other hand, there is a point where increasing the circle size does not increase the number of black pixels. These sizes are dependent upon the mass distribution within the aggregate. This program did not deal with the length scales issue, calculating the slope of the log-log curve using all the data points, including those outside the linear region.
To solve some of these problems, a customized macro was written using the imaging software, ImageJ. 2 6 The cumulative-intersection method was used, which also is known as the nested squares method. 14 , 15 , 20 To solve the primary particle problem, pixels, rather than individual primary particles, were used to calculate the density fractal dimension. First, the image (Figure la ) of the agglomerate was threshed. Threshing is an automated procedure that converts the image into a black and white image, where black pixels represent part of the particle and white pixels represent everything else (not part of the agglomerate). Boxes of increasing size are then drawn on the image, centered on the particle's center of mass (Figure lb) . The number of black pixels inside each box is calculated, which generates a list of box sizes and number of pixels. To solve the problem of length scales, data points outside the linear region of the log-log plot are excluded. While discarding data points is not desirable, it is a relatively simple way to eliminate the problem of length scales.' 5 The fractal dimension of the aggregate is then calculated as the slope of the linear portion of the log-log curve (Figure 1c) . If more than 40% of the data points are outside the linear region, the aggregate is classified as a nonfractal aggregate and is not used in the calculation of the fractal dimension of the entire sample. Orientation effects were not considered during analysis, because they have been found to account for less than 5% variation. 1s All three programs were used to calculate the respective fractal dimensions of 13 ambient aggregates. The ImageJ macro developed in this work was found to be the most effective. Hence, the density fractal dimension then was calculated for all the other samples using the ImageJ macro. The fractal dimension of the sample then was calculated as the arithmatic mean of all of the aggregates in that sample.
Experimental
Sample Collection. Figure 2 is a diagram of the system used to sample the ambient aerosols. The PM with aerodynamic diameter less than or equal to 10 pum (PM, 0 ) inlet of a tapered element oscillating microbalance (TEOMRupprecht and Patashnick, Model #1400a) was followed by a PM with aerodynamic diameter less than or equal to 2.5 pum (PM 2 , 5 ) cyclone to pre-classify the ambient aerosol by impaction. An electrostatic aerosol sampler (EAS; TSI, Model #3100A) was connected to the bypass flow of the TEOM. Particles were collected in the EAS on Lacey Support Film TEM grids (Ted Pella, Model #01883), which were changed every 2 hr between 7:00 a.m. and 7:00 p.m. local time. A total of -4 m of 3/8-in. Teflon tubing was used for transporting the aerosol from the 2.5 p.m cutoff to the EAS. Losses caused by gravitational settling and diffusion to the tube walls were calculated to be less than 1%. 27 Losses caused by electrostatic forces in the Teflon tubing, however, can be quite high 2 8 (as high as 30% loss for particles with a Boltzmann distribution). To achieve the 2.5-Lm cutoff, the TEOM head requires 16.68 L/min of flow. The microbalance, however, only requires 3.01 L/min, leaving 13.67 L/min as bypass flow. The EAS was inserted in the bypass flow path. For the EAS, 13.67 L/min is too high of a flow rate, so a second bypass was put around the EAS, which recombined with the 4 L/min EAS flow after the sample was collected. Flow rates are maintained by the TEOM control unit, which operates two flow controllers, one for the bypass flow, and one for the main flow. Box Size Figure 1 . The three steps to determine fractal dimension. (A) The micrograph is scanned; (B) the threshed image has concentric boxes drawn on it and the number of "on" pixels is counted in each box; (C) a log-log plot of N vs. I, where the slope of the best linear fit is the fractal dimension.
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The differing flow rates and the use of the t junction immediately before the EAS contribute to anisokinetic sampling conditions. However, for Stokes numbers less than 0.01, particle losses by inertia are negligible, 2 9 and the concentration of particles coming into the junction is the same as the particles leaving the junction. At the flow rates used, particles less than 2.3 p.m indeed have a Stokes number less than 0.01. Because we were using a 2.5 p.m cutoff, only particles between 2.3 and 2.5 p.m would be affected by the anisokinetic conditions. The geometry of the system would have favored a higher concentration of particles of this size entering the EAS. Because less than 1% (based on number) of the particles viewed were greater than 1 p.m, however, the anisokinetic conditions did not bias the sampling. The EAS uses electrostatic forces to cause a deviation in the path of the particles as they pass through the sampler. Particles enter the EAS and pass through the charging section, where they are charged by a +3500 V unipolar corona discharge. The particles then pass to the sampling section, where they are exposed to a squarewave (0 to +4200 V) voltage on a top plate and ground on the collection plate. When the voltage is off, particles of all sizes enter the chamber and randomly mix. When the voltage is applied, particles of all sizes deposit in the same area, eliminating size bias and allowing for the random collection of particles. 30 The EAS can collect particles efficiently in the 0.02-10 p.m aerodynamic diameter range. The collection efficiency of the EAS is a weak function of size (70-80% for particles 0.1-1 p.m).
31
The sampling section is small, so the particles do not reach high velocities perpendicular to the sampling area as they impact the TEM grid, unlike high-impaction velocity conditions encountered in impactors. With a smaller impaction velocity than that experienced in a cyclone or impactor, the forces that the particles experience are smaller, leading to a lower likelihood that the particle will deform plastically upon collection. In a study of diesel soots, aggregate sizes and shapes were found to be the same when measured in situ and via electrostatic means.' 6 The identical results indicate that electrostatic collection methods and electromicroscopic analysis do not alter the aggregate morphology. On Friday, May 31, 2002, samples were collected from a bridge over Throop Drive, close to a loading dock on the campus of Washington University in St. Louis (WUSTL) between 3:00 and 5:00 p.m. At the WUSTL location, a pump was connected directly to the EAS. The lack of a size cutoff allowed particles larger than 2.5 p.m to enter the sampling chamber, but they were not included in microscopic analysis for consistency in comparisons with the TEOM-sampled aerosols. The bridge over Throop Drive is -5 m above the road, 20 m from a loading dock, and, on the day sampling was performed, -100 m from some heavy building construction. Throop Drive is an access road, and traffic on it is light, although trucks frequently park at the loading dock. The wind was light that day; however, wind speed and wind direction were not recorded.
On The site is located 2 km east of the Mississippi River, which separates East St. Louis (IL) from the City of St. Louis (MO) and is 3 km east of the City of St. Louis' Central Business District (CBD). Interstate 55/64/70 lies -1 km to the west; this highway leads to the Poplar Street Bridge, one of the major routes across the Mississippi River in the St. Louis area. At the microscale level, the site is straddled by freeway on/off ramps with relatively little traffic (nominally <10 cars/min during rush hour). The immediate neighborhood is mixed use (primarily residential, some light commercial) with relatively low population density. This site was chosen because of the preexisting ambient air-sampling infrastructure. The inlet to the apparatus was -5 m above the ground, and the flow was directed indoors to the TEOM. Tubing from the sampler to the EAS was -4 m long, corresponding to small diffusional losses (0-0.7%) based on diffusional loss calculations described in Hinds. 29 Wind direction was steady (northwest) and parallel to the highway, so the wind did not pass over the highway on the way to the sampler.
Sample Analysis. The TEM grids were analyzed for particles in an SEM (Hitachi S4500). Nonvolatile particles between 0.1 and 2.5 p.m were readily identified via the SEM. Particles smaller than 0.1 p.Lm could not be resolved adequately for analysis with this SEM. Individual particles were examined as they were encountered in straight-line tracks across the TEM grid. As such, the selection of particles was based on the random distribution of particles on the TEM grid. Total particle count, aerosol shape, and fractal dimensions were determined for each sample. Only nonvolatile particles were analyzed, because the SEM operates under vacuum conditions. Additionally, anywhere between 1 and 5% of the particles that did not volatilize under vacuum did evaporate when subjected to the electron beam (10 kV). These particles tended to be crystalline in structure and also could not be included in the analysis. Ebert et al. 19 have viewed hygroscopic particles in an environmental SEM (ESEM) and were able to keep volatilization to a minimum. Charging of the particles by the electron beam can cause the particles to change shape. Most frequently, the dendritic structure of the aggregate would collapse in on itself, resulting in a more compact shape. To keep charging effects to a minimum, a relatively low accelerating voltage of 10 kV was used. Nonetheless, charging was observed in less than 5% of the aggregates encountered. Because the resultant morphology was different than that which the particle had when collected, these collapsed aggregates were not included in the analysis.
Each particle viewed was put into one of four categories based on its two-dimensional projection. Particles comprised of multiple smaller spherical primary particles were classified as aggregates (Figures 3a and 3b) . Particles with circular or close-to-circular shapes were classified as spherical (Figures 3c and 3d) . Particles with both only one dominant line of orientation and a relatively high aspect ratio (greater than -3) were classified as fibrous (Figures  3e and 3f) . Particles that did not meet any of the previous criteria were placed in the "other" category (Figures 3g  and 3h ). For each sample, 50-100 particles were analyzed. In some cases, a sufficient number of agglomerated particles was not detected. In these cases, viewing ceased after four TEM grid squares (1 square -4000 pLm 2 surface area)
were examined. A micrograph was taken of each aggregate particle.
RESULTS AND DISCUSSION
Using the procedures outlined, several samples were collected and viewed in the electron microscope. Key details and results of the samplings are listed in Table 1 . Sample agglomerates are illustrated in Figure 4 .
Fractal Dimension Method Selection
The different methods described earlier were used to calculate the PDF and density fractal dimensions for 13 selected aggregates that represented a range of shapes of agglomerated particles. Figure 5 shows the results of the comparisons. For the 13 aggregates tested with this method, the macro to determine the PFD consistently determined fractal dimensions between 1.66 and 1.83. The arithmatic average was 1.78, with a standard deviation (SD) of 0.04. The density fractal dimension The Imagej algorithm developed in this study was chosen to calculate the two-dimensional density fractal dimension for all of the particles. The ImageJ program gave similar average values and was more timeintensive than the Matlab program, but it had fewer limitations and problems, as outlined in the Methods section, better reproducibility, and could compensate for length scale issues. Table 1 shows the sampling details and results from both sampling sites. The concentration of particles at the Supersite was more that twice that at the WUSTL location. On average, the numbers of aggregates collected at the two sites were similar; however, the WUSTL site had a statistically higher fraction of aggregates and a slightly lower fraction of "other" particles. The higher fraction of aggregates at the WUSTL site is because of the proximity to a loading dock where trucks were constantly pulling in and out; and it is known that truck diesel engine emissions are enriched in agglomerates. Both sites had similar fractions of spherical and fibrous particles ( Figure 6 ). Though the WUSTL location had a larger fraction of aggregates, the aggregates at the two sites did not have statistically different fractal dimensions (1.65 ± 0.15 and 1.57 + 0.21, respectively).
Site Comparisons
A temporal distribution of the particles by number and shape also was established at the Supersite, and the results are plotted in Figure 7a . The absolute number of particles was highest in the morning and steadily decreased as the day went on, with a slight increase in the evening. The drop in absolute number of particles is most likely caused by the change in air parcel exchange rate that occurs during the day. The morning rush hour is a time of high emissions, from both automobiles and trucks. During this time, the mixing height is shallow, and so the concentration of PM 2 . 5 is high. During the evening rush hour, emissions may be high again, but the larger mixing volume leads to a lower concentration of particles. Other meteorological parameters, such as wind speed and wind direction, as well as emissions from nontraffic sources, also may have caused the observed change. Figure 7b is a plot of the variation of the fraction of shape with time of day. Each category has its own dependence with time, and they do not necessarily follow the same pattern as the total concentration illustrated in Figure 7a . The largest fraction of particles in category "other" does indeed follow the "U"-shaped curve as the total number concentration variation, and the same reasoning described previously may be valid. However, more complex effects are at play for the other shape category particles, rather than just a dilution effect because of the variation of the mixing heights. One reason could be that the different shaped particles come from different sources and are emitted at different times and, thus, each has their own unique time dependencies. It is interesting to note that the fraction of both spherical and agglomerated particles tends to decrease at the Supersite-and this is because of a complex dependence on a number of factors, such as wind patterns, traffic patterns, and other variables. Discerning the exact reasons for this variation was beyond the scope of this paper.
Fractal dimensions also were analyzed for each Supersite sample, giving a temporal profile for the day. The 48 aggregates collected had fractal dimensions between 1.4 and 1.7, except for the period of time from 5:00 to 7:00 p.m. (Figure 8) . A single-factor analysis of variance (ANOVA) reveals that the fractal dimensions calculated at these different times are different (p = 0.07). The low p value determined by the single-factor ANOVA analysis reveals that the fractal dimension did change with time. If one assumes that traffic is primarily dominated by automobiles in the morning and trucks in the late morning and early afternoon, then the dual roles of automobile and truck traffic may explain the trends in fractal dimension and aggregate fraction. During the morning, aggregates are relatively abundant, because many automobiles and a few trucks are emitting them. As the total (truck and automobile) traffic decreases, aggregates become less Figure 6 . Average composition and number of particles collected every 2 hr at WUSTL (3:00-5:00 p.m.) and at the Supersite (7:00 a.m.-7:00 p.m.). While the Supersite had a higher concentration of particles, a lower fraction of those were aggregates. Local Time 
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1.4 
CONCLUSIONS
A pilot study was conducted to demonstrate the viability of establishing the shape and fractal dimension of ambient PM 2 ,. An electrostatic aerosol sampler was demonstrated to be a practical method to collect ambient PM directly on electron microscopy grids for morphology determination. The unit could be readily incorporated into existing PM 2 . 5 samplers. After an image was obtained from the SEM, a computer program was used to establish the fractal dimension of each aggregate and the average fractal dimension for each aerosol sample. The system was used to examine the morphology of ambient PM 2 . 5 at two locations in St. Louis. Aggregates at the two sites had fractal dimensions that were not significantly different. However, the shape distributions of the aerosols were different. The WUSTL location had a higher aggregate fraction and number and a lower fraction in the "other" category than did the Supersite. Both morphological composition and fractal dimensions showed differences as the day progressed at the Supersite. While fractal dimensions of the aggregates have been reported extensively in the paper, eq 3 was not used to report values of the surface area of the aggregates. In general, smaller fractal dimensions would imply a higher surface area, provided the number of primary particles was similar. Thus, at times of the day or at locations where smaller fractal dimension aggregates are encountered, the surface area of the aggregated particles also is higher. The fractal dimension alone cannot be relied upon to describe adequately the morphology of an aerosol. This is especially true when the portion of the aerosol examined for fractal dimension is small or unknown, or if the aggregates are composed of very few primary particles. Other metrics for describing the morphology of the aerosol must be employed to effectively discern differences in the shapes of two different aerosols or even the same aerosol at different times.
In this study, as well as in other research,' 0 the shape distribution was used as another metric for morphological description. While there was small variation in fractal dimension, larger variations in the aerosol shape distribution were observed. As such, it is proposed that the shape distribution is also a valuable a tool for describing an aerosol. Detailed studies are under way in the greater Cincinnati airshed to evaluate trends in morphology (fractal dimension and shape distribution) as a function of the distance from a highway, to help determine the impact that diesel trucks play on ambient aerosol morphology.
